Type III protein secretion systems are unique bacterial nanomachines with the capacity to deliver bacterial effector proteins into eukaryotic cells. These systems are critical to the biology of many pathogenic or symbiotic bacteria for insects, plants, animals, and humans. Essential components of these systems are multiprotein envelope-associated organelles known as the needle complex and a group of membrane proteins that compose the so-called export apparatus. Here, we show that components of the export apparatus associate intimately with the needle complex, forming a structure that can be visualized by cryo-electron microscopy. We also show that formation of the needle complex base is initiated at the export apparatus and that, in the absence of export apparatus components, there is a significant reduction in the levels of needle complex base assembly. Our results show a substantial coordination in the assembly of the two central elements of type III secretion machines.
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bacterial pathogenesis | cryo-electron microscopy | membrane proteins | organelle assembly | protein secretion W idespread among bacteria pathogenic for plants, animals, or humans, type III secretion systems (T3SS) are essential for the establishment of intimate bacteria/host cell interactions (1, 2) . Evolutionary and structurally related to flagella (3), these systems are among the most complex protein secretion systems known. Salmonella enterica serovar Typhimurium (S. Typhimurium) encodes one of these systems within its pathogenicity island 1 (SPI-1) (4), which is essential for this pathogen's ability to invade and replicate within mammalian host cells (5) . Central components of type III secretion machines are the bacterial envelope-associated needle complex (NC) and the export apparatus, which makes the NC competent for secretion. The NC is composed of a multiring base (made up in the S. Typhimurium SPI-1 T3SS by the InvG, PrgH, and PrgK proteins), a central inner rod (made up by PrgJ), and a protruding needle-like structure (made up by PrgI), which is traversed by ∼28 Å-wide channel that serves as a conduit for passage of the secreted proteins through the bacterial envelope (6, 7) . The recent availability of the crystal structures of soluble domains of some of the components of the NC (8-10), combined with their docking onto the NC protein density map generated by cryo-electron microscopy (7, 11) , is beginning to provide a high-resolution view of this organelle (12) . Previous studies have shown that assembly of the needle complex occurs in an orderly manner, in which the base substructure is assembled first, followed by the assembly of the inner rod and needle substructure (13, 14) . The assembly of the last two substructures requires the base to be rendered secretion-competent by the export apparatus, thus gaining the ability to secrete the needle and inner rod subunits. After the needle complex is fully assembled, the secretion machine switches substrate specificity, becoming competent for the secretion of translocases and effector proteins. Much less is known about the arrangement of the export apparatus, which is composed of a collection of highly conserved membrane proteins (InvA, SpaP, SpaQ, SpaR, and SpaS in the S. Typhimurium SPI-1-encoded T3SS) (1) (2) (3) . Although all of the components of the export apparatus are essential for type III secretion, it is unknown whether these membrane proteins exert a common function or even if they exist as a single complex within the bacterial envelope. Furthermore, their functional and topological relationship to the NC is unknown. In this paper, we have investigated in S. Typhimurium the localization of the membrane proteins that make up the export apparatus and examined their role in the assembly of the NC. We found that membrane protein components of the export apparatus are intimately associated with the base substructure of the NC, forming a defined structure that can be visualized by cryo-electron microscopy. In addition, we found that formation of the NC base is initiated at the export apparatus and that the presence of export apparatus components is required for the assembly of a functional NC. These findings revealed a substantial coordination in the assembly of the export apparatus and NC components of the T3SS.
Results
Export Apparatus Is Intimately Associated with the NC. It has been previously shown that at least some components of the export apparatus are associated or cofractionate with the NC or the hookbasal body complex (a functional equivalent of the NC in flagella) (15, 16) . Therefore, we investigated whether the components of the export apparatus of the S. Typhimurium SPI-1-encoded T3SS could be isolated in association with the NC. Because previously reported stringent NC isolation protocols may affect the identification of associated components (6), we developed a protocol to examine NC under milder conditions (SI Materials and Methods and Fig. S1 ). We first analyzed NC and associated proteins using 2D blue native PAGE (BN-PAGE). The NC and associated proteins migrated as a distinct band with a mobility that is consistent with that of a complex larger than 1,200 kDa ( Fig. 1A and Fig. S2 ). Proteins making up this complex were identified by liquid chromatography followed by tandem MS (LC-MS/MS) and/or Western immunoblotting. In addition to the structural components of the inner and outer rings of the NC (PrgH, PrgK, and InvG) (6) and the needle and inner rod proteins (PrgI and PrgJ) (17, 18) , we detected the export apparatus components InvA (19) , SpaP, and SpaS (20) (Table S1 ). To validate the interaction of the export apparatus components with the NC base, we immunoprecipitated the complex from a strain carrying a carboxy terminal FLAG-epitope tagged allele of SpaS (SpaS N258A ), which carries a mutation in its catalytic, autoprocessing site, thus preventing the cleavage of its carboxyl terminus (21, 22) . Proteins affinity purified with an anti-FLAG antibody were separated by BN-PAGE, and the band corresponding to the NC was analyzed by LC-MS/MS. This band contained all needle complex and export apparatus membrane protein components, including SpaR and SpaQ (Fig. 1B, Fig. S3 , and Table S1 ). Similar results were obtained when the complex was immunoprecipitated from a strain expressing a functional FLAGepitope tagged allele of InvA (Fig. 1B) . Unlike SpaS, however, a significant amount of free InvA was also detected, suggesting a somewhat weaker association of InvA to the NC. Taken together, these results indicate that the export apparatus is intimately associated with the NC.
Export Apparatus Components Associate with One Another in the Absence of the NC. We investigated whether the components of the export apparatus themselves could form a complex in the absence of the NC. To this end, we constructed strains of S. Typhimurium expressing functional FLAG-tagged InvA, SpaP, SpaR, and SpaS (SpaQ could not be tagged in a manner that would retain function) in the context of the NC-defective ΔprgHIJK mutant. We purified inner membrane fractions from these strains and identified interacting proteins by immunoprecipitation combined with 2D BN-PAGE and LC-MS/MS analysis. We found that, in the absence of the NC, SpaP and SpaR could form a complex ( Fig. 2A) . In contrast, InvA and SpaS were not seen associated to any member of the export apparatus under the isolation conditions used in this assay ( Fig. 2A) . It is often the case that the stability of members of a multiprotein complex is compromised in the absence of other components of the complex (23) . Therefore, we tested whether the stability of individual export apparatus components was compromised by the absence of other export apparatus components. Deletion of spaP resulted in reduced levels of SpaR (and vice versa) (Fig. 2B) , presumably because of their reduced stability in the absence of their interacting partners. Furthermore, levels of SpaS N258A were reduced in the absence of SpaP, SpaQ, and SpaR. In contrast, the levels of InvA were not affected by the removal of any of the other export apparatus components (Fig. 2B ). These results indicate that a subset of the export apparatus components can assemble into a stable complex in the absence of the NC and that the members of this complex require each other for stability.
Hierarchy in the Recruitment of Export Apparatus Components to the NC. We analyzed the effect of removal of individual components of the export apparatus on the recruitment of the remaining export apparatus components to the NC using BN-PAGE combined with Western blotting and 2D BN-PAGE ( Fig. 3 and The levels of SpaP, SpaR, and SpaS (but not InvA) are significantly reduced in the absence of some export apparatus components. Purified inner membrane fractions from wild-type S. Typhimurium (wt) or the ΔspaP, ΔspaQ, ΔspaR, ΔspaS, or ΔinvA mutants expressing FLAG-epitope tagged InvA, SpaP, SpaR, or SpaS N258A (as indicated) were analyzed by Western blotting (Upper). The intensity of the bands was quantified using the Odyssey imaging system (Li-Cor), and values represent the mean ± SD of three independent experiments (Lower). Values were standardized relative to a loading control (PrgH) and across different samples relative to wild type, which was assigned an arbitrary value of 1. Fig. S4 ). Deletion of invA or spaS did not significantly affect the recruitment of any of the other components of the export apparatus to the NC base. In contrast, deletion of spaP, spaQ, or spaR resulted in the abrogation of the recruitment of all components of the export apparatus to the NC base. Taken together, these results indicate that there is a hierarchy in the recruitment of export apparatus components to the NC and that SpaP, SpaQ, and SpaR act first, playing a central role in the assembly process.
Export Apparatus Is Required for Efficient NC Base Assembly. The observation that the export apparatus is assembled in a coordinated fashion with the NC prompted us to examine the effect of the absence of export apparatus components on the assembly of the NC base. We have previously shown that NC base substructures can be detected in the absence of export apparatus components (13) . However, using a quantitative assay, we found that deletion of spaP, spaQ, or spaR resulted in a drastic (∼80%) reduction in the levels of NC bases, although the absence of the export apparatus did not affect the total levels of the NC individual components such as PrgH, PrgK, and InvG (Fig. 4 A and B) . Consequently, the absence of SpaP, SpaQ, and SpaR also resulted in an accumulation of free NC protomers (Fig. 4D) . In contrast, deletion of invA had no effect on the levels of assembled NC bases (or the accumulation of free protomers), whereas deletion of spaS had an intermediate phenotype (Fig. 4 A and B) . Taken together, these results indicate that components of the export apparatus play an important role in the assembly and/or stability of the NC base.
To distinguish whether components of the export apparatus have an effect on the assembly or the stability of the NC base, we assayed to find out whether SpaP, SpaQ, SpaR, and SpaS were able to induce assembly of bases from presynthesized, free NC protomers. To this end, we constructed a strain in which expression of the NC components is controlled by an arabinose-inducible p araBAD promoter (24) through the expression of HilA, the master transcriptional regulator of the SPI-1 T3SS (25) . In addition, invA and spaPQRS were deleted from this strain and expressed from a low copy plasmid under the control of the rhamnose-inducible p rhaBAD promoter (26) . These strains and the growth conditions used (Fig.  4C and Materials and Methods) allowed the sequential expression of NC base and export apparatus components. As shown above, in the absence of the export apparatus components SpaP, SpaQ, SpaR, and SpaS, NC base assembly occurred inefficiently and led to the accumulation of free protomers (Fig. 4 D and E) . However, immediately after spaPQRS expression, free protomers were efficiently incorporated into the de novo assembled bases. This resulted in a net increase in the total levels of NC bases without a corresponding increase in the total levels of its individual subunits PrgH, PrgK, or InvG (Fig. 4 D and E) . The de novo assembled bases showed a substantially higher native mass (detectable by BN-PAGE, shown in Fig. 4D ) than the preassembled bases, most likely because of the incorporation of the needle and inner rod proteins, which can only occur on the recruitment of the export apparatus. The levels of the preassembled fraction of NC bases remained largely constant, and its mobility was not shifted (Fig. 4F) , suggesting that SpaP, SpaQ, and SpaR may not be able to be recruited into these preassembled structures (Discussion). In contrast to what was observed with spaPQRS expression, induction of invA expression had no effect on the levels of NC bases (Fig. 4 D and E and Fig.  S5 ), which is consistent with the observation that, in the absence of InvA, NC assembly occurs normally without accumulation of free NC base protomers (Fig. 4 D and E) . Nearly all NC bases were shifted into higher mobility on expression of InvA, presumably because of the incorporation of the needle and inner rod proteins (Fig. 4F) , suggesting that, in contrast to SpaP, SpaQ, and SpaR, InvA may be incorporated into preassembled NC bases. Taken together, these results indicate that the export apparatus, particularly, SpaP, SpaQ, and SpaR, can promote NC base assembly rather than increase its stability. This conclusion is also consistent with the observation that, after assembled, the stability of the NC bases isolated from the ΔspaPQRS mutant is indistinguishable from that of wild type (Fig. S6) .
To further explore the role of export apparatus components on NC base assembly, we compared the efficiency of incorporation of export apparatus components into de novo synthesized or preexisting NC bases. As shown above, we found that SpaP could not be incorporated into preexisting NC bases. We also found that incorporation of InvA into de novo synthesized NC structures was more efficient than its incorporation into preexisting NC bases (Fig. 5) . The recruitment of InvA to the NC required the presence of SpaP, SpaQ, SpaR, and SpaS. However, InvA was not necessary for the recruitment of SpaP (and presumably, SpaQ and SpaR) into NC bases (Fig. S5) . Taken together, these results indicate that NC assembly requires prior deployment of some components of the export apparatus and that at least those components (e.g., SpaP, SpaQ, and SpaR) must be housed at a location that is inaccessible after the assembly of the NC base is complete.
Components of the Export Apparatus Form a Defined Structure
Within the NC Base. The intimate relationship between the assembly of the export apparatus and the NC base prompted us to Fig. 3 . Hierarchy in the recruitment to the needle complex of export apparatus components. Protein complexes of purified inner membrane fractions of wild type (wt) and the indicated mutants of S. Typhimurium expressing FLAG-epitope tagged InvA or SpaP were solubilized with DDM, separated by BN-PAGE, and analyzed by Western blotting using antibodies directed to the NC base or FLAG (to detect either SpaP or InvA; A). The intensity of the bands corresponding to SpaP or InvA associated with the NC was quantified as above (B) , and values represent the mean ± SD of three independent experiments. Values were standardized relative to the levels of the NC and across different samples relative to wild type, which was assigned an arbitrary value of 1. The total levels of SpaP-FLAG and InvA-FLAG in the different mutants are shown in Fig. 2B . examine the effect of removal of the export apparatus on the structure of the NC base. We have shown that NC base substructures can be obtained in the absence of the export apparatus, although in significantly lower amounts (Results). We, therefore, took advantage of this finding; we isolated NC base structures from a strain that does not express any components of the export apparatus and examined them by cryo-electron microscopy and single particle analysis (Fig. S7) . Subtraction of the 2D class averages of NC bases obtained from the ΔinvA ΔspaP ΔspaQ ΔspaR ΔspaS multiple mutant strain from class averages of NC bases obtained from wild type revealed significant differences. More specifically, structures obtained from the mutant strain lacked a significant amount of density at the center of the basal side of the NC base, including the cup and socket substructures (Fig. 6 A-C) . We also analyzed NC bases obtained from a ΔspaP mutant strain, which looked indistinguishable from structures obtained from the mutant lacking all of the membrane components of the export apparatus (Fig. 6 A-C) . Biochemical analysis of the NC preparations used for cryo-electron microscopy isolated with a stringent isolation protocol (Material and Methods) revealed the presence of SpaP and SpaR but not InvA or SpaS (Fig. 6 D and E) . Because part of the socket substructure is missing from a mutant unable to secrete the regulatory protein InvJ protein (18) (which would not be secreted in the mutant strains used in this analysis), not all of the density absent from these mutant strains can be unambiguously assigned to these membrane proteins. Rather, it is likely that just the cup substructure, which is present even in the absence of InvJ (18), is formed by SpaP, SpaQ, and SpaR. Taken together, these results indicate that a subset of the export apparatus components form a defined substructure on the basal face of the NC and may account for yet unassigned density in the NC protein density map (12) . Additional studies will be required to localize InvA and SpaS, which are lost from NC preparations generated with the stringent isolation protocol that is required to obtain particles suitable for cryo-electron microscopy. The quantification of the relative levels of NC in the different mutants is shown (B). The intensity of the bands was quantified as above, and values represent the mean ± SD of three independent experiments. Values were standardized across different samples relative to wild type, which was considered 100%. (C-E). The export apparatus components SpaP, SpaQ, SpaR, and SpaS promote NC base assembly. (C) The experimental setup for these experiments involved the use of engineered strains of S. Typhimurim in which expression of the base components is under the control of an arabinose-inducible promoter, whereas the expression of either spaPQRS or invA is under the control of a rhamnoseinducible promoter (details in Material and Methods). Base expression was induced by the addition of arabinose. The inducer was washed away, and expression of the base components was blocked by the addition of the repressor fucose. Sixty minutes later (indicated as time 0 in the legend), expression of export apparatus components (either SpaP FLAG QRS or InvA FLAG ) was induced by the addition of rhamnose. Samples were harvested 30 min and 60 min thereafter, and DDM-solubilized proteins of whole-cell lysates were separated by BN-PAGE and analyzed by Western blotting with antibodies directed to NC base components (PrgH and PrgK) or FLAG (to detect SpaP or InvA, as indicated). SDS/PAGE of whole-cell lysates shows the absolute levels of the base components PrgH and PrgK, which remained constant throughout the experiment. D Left shows results in which expression of the base was followed by expression of SpaPQRS, whereas D Right shows results in which expression of the base was followed by expression of InvA. To minimize variation when comparing NC-associated proteins and PrgH monomers, we divided the same sample after solubilization and addition of Coomassie and loaded them onto two different gels (D). The total levels of PrgH and PrgK in different samples are shown in the bottom row (D). Quantification of these results is shown in E and F. The intensity of the bands was quantified as above, and values represent the mean ± SD of three independent experiments. The maximal values for bases/NC and PrgH protomers, respectively, were assigned an arbitrary value of 1. The proportion of bases and assembled NCs of the total base/NC signal (D) is shown in F. As an example, Inset in F shows, for a time point (D), the region corresponding to NC (green) or bases (red) in the BN-PAGE analysis.
Discussion
The assembly of complex protein machines often requires the coordinated deployment of its components, both in time and space. We have shown here that two central components of T3SS machines, the NC and the export apparatus, are assembled through a coordinated process that results in the incorporation of these two Total class averages of single particle analysis of cryo-electron microscopy images and density differences between the averaged images of wild-type NCs and the indicated mutant strains. (C) Longitudinal sections through the center of base complexes from wild type or the indicated mutant strains lacking SpaP, SpaQ, SpaR, SpaS, and InvA or only SpaP reveal the absence of the cup and socket substructures observed in the NC base obtained from wild type. The difference images of sections from either of the mutant strains and wild type are very similar, indicating that removal of SpaP alone is sufficient to generate this structural phenotype. The cutaway view and blow-up view of an overlay of wild-type complexes (gray/mesh) and complexes from the ΔspaPQRS ΔinvA mutant strain at a distance that allows the visualization of the entire cup and socket substructures in 3D emphasizes the difference between the complexes analyzed. (D and E) Highly purified NC bases contain SpaP and SpaR but no InvA or SpaS. NC bases either prepared in an identical manner to those used in cryo-electron microscopy studies or from purified inner membrane fractions were analyzed by SDS/PAGE (D) or BN-PAGE (E) followed by Western blotting with antibodies to detect the indicated proteins. (F) Model for the coordinated assembly of the T3SS export apparatus and NC base. SpaP forms a stable complex with SpaQ and SpaR, which is likely to be the nucleation point for PrgH/PrgK NC base ring assembly. The presence of SpaS further enhances the assembly of the PrgH/PrgK ring, although it does not seem to be essential. The presence of InvA is not required for efficient NC base formation or for the stability and/or recruitment of any of the other export apparatus components. These results suggest that InvA is the last component recruited to the export apparatus. However, InvA is not efficiently recruited into preassembled bases. subcomplexes into a single structure. It was previously assumed that the assembly of the NC is initiated by the assembly of the inner and/ or outer ring substructures (13, 14) . However, we found that the assembly process is initiated by the deployment of a subset of the conserved inner membrane protein components of the export apparatus, which presumably provides a platform onto which subsequent elements of the NC can assemble (Fig. 6F) . The organization of this inner membrane protein complex itself must also occur in an organized and coordinated fashion, because we have shown that there is a hierarchy in its formation; in this hierarchy, SpaP, SpaQ, SpaR, and to a lesser extent, SpaS play a central role, whereas InvA seems to be less critical for this process. We have also shown that some export apparatus components are not incorporated into preassembled NC bases, indicating that they must be placed at a location that is not accessible after the NC assembly is finished. We have shown that at least a subset of these inner membrane proteins, SpaP, SpaQ, and SpaR, forms a defined substructure within the NC, where they are well-positioned to receive the T3SS substrates and presumably, facilitate their passage through the inner membrane. Our findings, therefore, indicate that the NC and at least some components of the so-called export apparatus form an indivisible holostructure, which should be considered as a single functional entity. These studies have revealed unique insight into the assembly and organization of the T3SS organelle. Given the conservation of this system among pathogenic bacteria, this information could serve as the bases for the development of broadly applicable antiinfective strategies.
Materials and Methods
General Techniques. Detailed information about strains, plasmids, and culture conditions used can be found in SI Materials and Methods and Table S2 . Western blotting was carried out using infrared fluorescent secondary antibodies (emission 680 or 800 nm). Bands were quantified using the Odyssey imaging system (Li-Cor). Cell fractionation was carried out as described before (27) with some modifications. BN-PAGE was carried out as described previously (28, 29) . Identification of T3SS components by MS was carried out at the Keck Biotechnology Resource Laboratory (Yale University, New Haven, CT) according to its standardized protocol. Detailed techniques can be found in SI Materials and Methods.
Immunoprecipitation of Export Apparatus Components. FLAG-tagged export apparatus components were immunoprecipitated from purified inner membranes using the anti-FLAG M2 affinity gel according to the recommendations of the manufacturer. Precipitated complexes were eluted and subsequently analyzed by 1D or 2D BN-PAGE and transmission electron microscopy (SI Materials and Methods).
Coordinated Expression of T3SS Components. The coordinated expression of T3SS components was carried out by using bacterial strains in which expression of examined components was uncoupled by using two different compatible promoter/inducer systems (arabinose vs. rhamnose). Briefly, expression of HilA, which is the master regulator of the SPI-1 T3SS, was put under control of an arabinose-inducible promoter. The other components of interest were deleted from the chromosome and complemented in trans under control of a rhamnose-inducible promoter. Complex assembly was assessed by BN-PAGE and Western blotting. Details can be found in SI Materials and Methods and Fig. S8 .
Stability of T3SS Bases. The stability of needle complexes/bases was assessed by using a modified BN-PAGE/Western blotting protocol. In brief, complexes were destabilized by increasing amounts of SDS (details in SI Materials and Methods).
NC Expression, Purification, Electron Microscopy, and Image Analysis. Electron microscopic analysis of needle complexes was carried out as described previously (7). More detailed methods are provided in SI Materials and Methods.
